Copper sulfides (covellite, digenite and djurleite) were synthesized using microwave irradiation. Copper acetate and thiourea were chosen as precursors and used at a fixed ratio. Crystalline phase and morphology (particles, spheres and inter-grown belts) were changed by only changing the synthetic media (water, DMF and a 1:1 V/V mixture of them). A domestic microwave oven was used at 1000 watt for only 20 s for each synthesis. The obtained samples were characterized using powder XRD, FESEM, and EDX; results were used to postulate the differences in phase and morphology of the obtained samples. All samples were tested as reduction catalysts for methyl orange degradation by NaBH 4 and time-dependent UV-vis spectroscopy was used to compare their activity. 
Introduction
Metal chalcogenides show unique properties making them interesting candidates for a wide variety of applications including but not limited to energy conversion and storage [1] (fuel cells, batteries and supercapacitors, water splitting, solar cells), electrochemistry and photo-electrochemistry [2] , nonlinear optics [3] and optoelectronics [4] . Among these materials, copper sulfides are of great interest mainly because of their electrical [5] and photocatalytic [6] properties.
Copper sulfides with approximate composition of Cu 2−x S (0 < x < 0.25) are p-type semiconductors in which Cu vacancies act as charge carrier and while showing considerable ionic conduction at sufficient temperatures, they have a Cu/S ratio dependent hole conductivity [5] . Non-stoichiometric copper sulfides have two intermediate phases; namely digenite (Cu 1.8 S) [7] and djurleite (Cu 1.96 S) [8] ; the former has a pseudo-cubic and the latter has an orthorhombic crystalline structure with transition temperatures of about 80 and 90 °C, respectively [5] .
Various methods have been used to synthesize cupper sulfides with different stoichiometry and morphologies. Mixing calculated amounts of copper and sulfur powders and storing them in an evacuated pyrex glass at elevated temperatures (e.g. 450 °C) for a considerable time period (e.g. one week) [5] is probably the most simple and effective way to control the stoichiometry of the obtained samples; but does not give much control over morphology. Many other approaches have been studied for the synthesis of copper sulfides with a variety of morphologies. Electrodeposition has been used to obtain copper sulfide nanowires [9] . Flame assisted spray pyrolysis was used to obtain CuS nanoparticles with controllable band-gap [10] . Hydrothermal [11] , solvothermal [12] and wet chemical [13] approaches have also been employed to obtain copper sulfide nanostructures. Microwave assisted synthesis of copper sulfides have been widely studied in the recent years [14] [15] [16] [17] [18] [19] . Some of these reports are based on complexes of thiourea and copper [16, 17] ; thiourea acts as a source of sulfur here; although thiourea can also reduce Cu 2+ to Cu 1+ [20, 21] . Herein we report a microwave assisted synthesis for copper sulfide phases (covellite, digenite and djurleite) with different morphologies (nanoparticles, nanospheres and nanobelts) only by altering the synthetic media from water to N,N-dimethylformamide (DMF) and 1:1 volumetric mixture of the two. Based on well-known reactions in the literature and our experimental data (XRD patterns, FESEM micrographs and EDX spectra), mechanisms have been proposed to explain observations. Obtained samples were also tested as catalysts for NaBH 4 ® (South Korea). DMF (Merck), absolute ethanol (Merck) and distilled water were used in all experiments. Synthesis procedures were performed in a household microwave oven SAMSUNG (South Korea) with adjustable power.
Powder x-ray diffraction (XRD) patterns were recorded on a Philips (Holland) PW1730 using CuK α (λ = 1.5418 Å) in the range 6° < 2θ < 80°. Field-emission scanning electron micrographs and EDX spectra were obtained using a TESCAN (Czech Republic) MIRA3 instrument equipped with a Bruker (Germany) XFlash 6130 detector. Time dependent UV-vis spectroscopy was performed on a PG instruments (UK) T80+ with standard quarts cells.
Synthesis
In a typical synthetic procedure, 100 mg of Cu(CH 3 COO) 2 , H 2 O and 300 mg of H 2 NCSNH 2 (S/Cu molar ratio equal to 3.7) were dissolved in 10 ml of solvent (table 1) using a magnetic stirrer at room temperature. Obtained solutions were transferred to a 150 ml pyrex Erlenmeyer and set at the center of the microwave oven. Microwave irradiation (2.45 GHz) was used at 1000 Watt for 20 s to treat every solution separately. The obtained black precipitates were cooled down to room temperature and then transferred to falcon tubes and centrifuged at 5000 rpm for 5 min. The same procedure was used to wash the samples trice with water and twice with ethanol before drying them in a static air oven at 60 °C for 2 h. Obtained powders were finely grained and used for characterization and catalytic tests.
Catalytic activity evaluation
The samples were tested as catalyst for the reduction of MO. In a typical procedure, 0.1 mg of catalyst and 0.1 mg of NaBH 4 were mixed into 2 ml of 16.5 ppm MO solution and transferred to a quartz cell; the reaction mixture was studied by time dependant UV-Vis spectroscopy and the concentration of MO was calculated from the intensity of absorption at λ max = 464 nm.
Results and discussion
Powder XRD patterns for the samples under study are presented in figure 1 . As can be seen, all specimens seem to consist of several phases; although one phase for each sample is predominate. For example, characteristic peaks of CuS which are predominate for sample W (the sample synthesized in water), can also be spotted for sample D (the sample synthesized in DMF) and to some extent for sample DW (the sample synthesized in 1:1 mixture of DMF:water). The major phases of each sample are also qualitatively apparent from EDX spectra (figure 2, parts (c), (f) and (i)). Field-emission scanning electron micrographs of the three samples under study and the related EDX spectra are presented in figure 2 . As hypothesized, obtained morphology of each sample is highly dependent on the synthesis media in use. From the EDX spectra it's apparent that residual nitrogen containing species remain in the samples even after through washing; they seem to have some chemical affinity to the surface of the samples and this is most probably the reason for the drastic differences in morphology. This phenomenon will be further discussed based on the literature. In 2001, Wada and co-workers [23] reported the microwave synthesis of CdS nanoparticles in DMF media. Their choice of DMF was based on a 1996 study by Hosokawa and co-workers [24] which proved the affinity of DMF molecules to the fresh surface of CdS nanocrystalites. There is also a rich literature for the interactions of DMF with copper species in the form of complexes [25] or even metal-organic frameworks [26] . Our initial hypothesis was that DMF may show a similar effect in stabilizing copper sulfide surfaces and inhibiting its further growth. But our observations proved the act of far more complex mechanisms. As suggested by Nafees and coworkers [17] for an aqueous system, Cu 2+ and thiourea form a complex:
Meanwhile, thiourea produces H 2 S through hydrolysis:
The complex of reaction (1) can react with H 2 S and yield CuS:
Cu 2+ ions can also react on their own with H 2 S due to [27] :
Reactions (3) and (4) can be regarded simultaneous.
On the other hand thiourea can reduce Cu 2+ ions to Cu + based on [20] :
Reaction (5) provides the Cu + species responsible for the obtained copper-rich phases. Based on XRD patterns (figure 1), the Cu/S molar ratio of 1 for W sample reaches to 1.8 for DW and 1.97 for D. It's important to bear in mind that the initial molar ratio was taken as 0.27 to provide excess sulfur ions for every copper species present in the reaction media. In addition to the ability of reducing Cu 2+ to Cu + , thiourea is known to form a complex by attaching to copper species. In aqueous media this complex is formed as nanowires which can be used as sacrificial template and also precursor for the microwave synthesis of CuS nanotubes after treatment with diethanolamine [16] although in absence of such surface species, the homogeneous heating by microwave irradiation will lead to the consumption of all available complex species and produce agglomerated nanoparticles (sample W in the current study). On the other hand, DMF molecules also have affinity toward copper species and assume their own part to stabilize the freshly formed surfaces and prevent agglomeration (sample D). While using DMF and water simultaneously, both abovementioned phenomena can take part in the formation of the final morphology. Copperthiourea complex is formed in the presence of water, yet it is stabilized by DMF molecules bound to the fresh surfaces. Under microwave irradiation this complex will decompose and provide both copper and sulfur atoms. DMF is still present in the reaction environment and can bound to the fresh surfaces of the newly formed copper sulfides; yet water molecules are also present and growth is only partly hindered (in one direction, as in sample DW in the current study). Further studies are currently in progress to gain more in-depth understanding of the underlying phenomena in mixed solvent synthesis.
The obtained samples were put to test as catalysts for the reduction of MO by NaBH 4 . As can be seen in figure 3 , all samples have catalytic activity towards this reaction; the results also suggest that morphology plays a crucial rule in catalytic activity. The oxidation state of copper atoms also has a strong effect on reduction rate and also the final removal efficiency (compare the results for the samples D and W which are presented in parts (a) and (c) of figure 3 ). In our control experiments a significant difference was observed between the catalytic activity of commercial CuO and commercial CuCl in identical reaction conditions; thus better catalytic activity was logically expected as the ratio of Cu + species increase in our samples. The mechanism of MO reduction by NaBH 4 has been studied extensively in the past [28] [29] [30] . In order to prove the applicably of the generally proposed mechanism, UV-vis spectra of the reaction mixtures were recorded at different times (figure 3). The characteristic peaks MO are detected at 464 and 280 nm; the former is due to the conjugated structure around the azo bond and the latter is caused by the aromatic moiety. Copper based catalysts are known to increase the rate of hydrogen evolution from NaBH 4 and they also transfer the reducing species to dye molecules [30] . Final products of MO (1) reduction will be sodium p-aminobenzenesulphonate (2) and N,N-dimethyl-p-phenylenediamine (3) (scheme 1) which are proved by Mass spectral data in our previous report [30] . Sodium p-aminobenzenesulphonate has a characteristic UV adsorption peak at 246 nm [31] that is also seen to intensify during the course of reaction (figure 3, notice the blue arrows in parts (a)-(c)).
Conclusions
Copper sulfide nanostructures were obtained using a rapid microwave synthesis approach. Their crystalline phase (covellite, digenite and djurleite) and morphology (nanoparticles, nanospheres and nanobelts) were controlled by changing the synthesis medium. Water, DMF and 1:1 mixture of them were tested while other aspects were kept identical. While 20 s of microwave irradiation in a household oven was enough to complete the synthesis, Cu/S molar ratio, crystalline phase and morphology were all changed by solvent. Obtained samples were also tested as reduction catalyst for the removal of MO as a model organic dye pollutant from aqueous media. While further investigations are in progress in our labs, we hope this research can trigger more studies on the effect of solvent and solvent mixtures on microwave-assisted synthesis of nanomaterials.
